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Rubella virus (RV) genome encodes nonstructural protein (NSP) in a large open reading frame at its 59 end. It is translated
into p200 and further processed into p150 and p90. The NSPs are responsible for viral RNA replication, during which a
full-length negative-strand RNA serves as the intermediate for the replication of positive-strand genomic RNA and the
transcription of subgenomic RNA. Using complementation experiments, we demonstrated that RV negative-strand RNA is
synthesized preferentially in cis while positive-strand RNAs can be synthesized both in cis and in trans but with higher
efficiency in cis. During virus infection, negative-strand RNA accumulates until 10 hours postinfection (hpi) and remains
nearly constant thereafter. In contrast, positive-strand RNAs (both genomic and subgenomic RNA) do not increase much
before 10 hpi and accumulate rapidly thereafter. Previously we demonstrated that p200 synthesizes negative- but not
positive-strand RNA, whereas cleavage products p150/p90 are required for efficient production of positive-strand RNAs. In
this study, we present evidence demonstrating that a higher concentration of p150/p90 is associated with lower production
of negative-strand RNA. Our data support the hypothesis that p200 is the principal replicase for negative-strand RNA, as is
p150/p90 for positive-strand RNA. The switch from the synthesis of negative- to positive-strand RNA is thus regulated by NSP
processing, which not only activates the efficient production of positive-strand RNA, but also disables negative-strand RNA
synthesis. A mechanism for NSP translation, processing, and regulation of RV RNA synthesis is proposed. © 2001 Academic
Press
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The genomes of positive-strand RNA viruses contain
essential cis-acting sequence elements that function as
recognition signals for viral RNA replication and encode
nonstructural proteins (NSPs) with catalytic and regula-
tive roles in the replication process. In most cases, these
NSPs can be provided in trans in complementation stud-
ies, in which a defective RNA lacking a functional NSP
component can be complemented by a helper RNA ex-
pressing the active component in trans. However, muta-
tions in some coding sequences of certain viral genomes
are noncomplementable in trans and are presumed to
reflect a coupling between translation and replication of
viral RNA or a cis-preferential function of the encoded
protein in viral RNA replication. Novak and Kirkegaard
(1994) constructed amber mutations in the poliovirus
genome and examined their rescue by wild-type viral
proteins provided by a helper genome. An internal region
of the poliovirus genome, located in the NSP coding
region between 2A-am66 and 3D-am28, was thus iden-
tified whose translation is required in cis. That replica-
tion of poliovirus depends on the translation of the ge-1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (604) 875-3597. E-mail: sgillam@interchange.ubc.ca.
307nome in cis is also supported by the sequence analysis
of its defective interfering (DI) particles. All of its 11
naturally occurring DI RNAs contain deletions in the
capsid region and maintain the translational reading
frame through the deletion junction (Kuge et al., 1986),
suggesting a selective advantage in translating the en-
tire open reading frame (ORF) in cis. Also, artificially
constructed DI RNAs containing out-of-frame deletions in
the polyprotein were inactive replicons (Hagino-Yama-
gishi and Nomoto, 1989). Up to now, the cis action of part
or all of the NSP coding sequences has been reported
for poliovirus (Novak and Kirkegaard, 1994), mouse hep-
atitis virus (MHV) (de Groot et al., 1992), clover yellow
mosaic virus (White et al., 1992), cowpea mosaic virus
Van Bokhoven et al., 1993), turnip yellow mosaic virus
TYMV) (Weiland and Dreher, 1993), barley stripe mosaic
irus (Zhou and Jackson, 1996), tomato bushy stunt virus
Scholthof and Jackson, 1997), tobacco etch virus (Ma-
ajan et al., 1996; Schaad et al., 1996), and alfalfa mosaic
irus (Neeleman and Bol, 1999).
Rubella virus (RV), the single member of the Rubivirus
genus of the Togaviridae family (Francki et al., 1991),
shares a similar genome organization with members of
Alphavirus, the only other genus in the Togaviridae fam-
ily, in containing two large ORFs encoding NSPs and
structural proteins at the 59 and 39 ends, respectively
(Frey, 1994). NSPs of alphavirus are translated as
0042-6822/01 $35.00
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308 LIANG AND GILLAMpolyprotein P123 and/or P1234 and cleaved into final
products nsP1, nsP2, nsP3, and nsP4 (for a review see
Strauss and Strauss, 1994). From complementation stud-
ies (Hahn et al., 1989a,b) and a reconstitution system
ased on vaccinia-recombinant-expressed NSPs (Li et
l., 1991), viral RNA replication of Sindbis virus (SIN), the
ype member of Alphavirus, can be accomplished by
SPs provided in trans. In RV, no complementation group
as been assigned to RV NSPs due to lack of ts mutants
and variants. Interestingly, the major DI RNA of RV, about
7–7.5 kb of length, carries a single deletion in the struc-
tural protein ORF and preserves the intact NSP ORF
(Derdeyn and Frey, 1995), suggesting that translation of
NSP in cis has a selective advantage. RV NSPs are
translated as a 200-kDa polyprotein p200 and cleaved
into the N-terminal product p150 and the C-terminal prod-
uct p90 (Bowden and Westaway, 1984; Forng and Frey,
1995). The cleavage occurs after G1301 (Chen et al., 1996)
and is mediated by an intrinsic protease (NS-pro) located
from residues 920 to 1296 (Liang et al., 2000) with a
catalytic dyad of C1152 and H1273 (Chen et al., 1996; Gor-
alenya et al., 1991; Marr et al., 1994).
We have previously reported that p200 is fully func-
tional in producing negative-strand RNA, whereas cleav-
age products p150/p90 are required for efficient positive-
strand RNA synthesis (Liang and Gillam, 2000). Thus RV
and alphavirus are similar in regulating viral RNA syn-
thesis by NSP cleavage. In alphavirus, different viral RNA
species are synthesized by different combinations of
NSP components, resulting from temporal regulation of
polyprotein processing (Lemm and Rice, 1993a,b; Lemm
et al., 1994, 1998; Shirako and Strauss, 1994). Uncleaved
P123 and nsP4 generate only negative-strand RNA. nsP1,
P23, and nsP4 form the complex active in the synthesis
of both negative-strand RNA and 49S positive-strand
genomic RNA. The final cleavage products, nsP1 to
nsP4, are active in producing 49S genomic and 26S
subgenomic RNAs. Cleavage at the 2/3 site is crucial for
switching the product preference of replicase from neg-
ative- to positive-strand RNA and inactivating the capac-
ity for negative-strand RNA synthesis, which explains the
shutoff of negative-strand RNA synthesis after 4- to 6-h
postinfection (hpi) in alphavirus. It is yet to be determined
whether synthesis of negative-strand RNA of RV also
ceases some time after infection. In addition, it remains
to be determined whether p150/p90 are functional in
negative-strand RNA synthesis.
In this work, we demonstrated by complementation
experiments that RV negative-strand RNA is generated
preferentially in cis and positive-strand RNAs are pro-
duced in both cis and trans, but with higher efficiency in
cis. We also determined the time course of viral RNA
synthesis. We found that negative-strand RNA continues
to accumulate and levels off after 10 hpi, while the
synthesis of positive-strand RNAs (including genomic
and subgenomic RNAs) escalates dramatically thereaf-ter. Furthermore, we provide evidence suggesting that
p150/p90 do not form an active replication complex for
negative-strand RNA. From our previous study and the
current work, a mechanism of RV NSPs translation, pro-
cessing, and viral RNA synthesis is proposed.
RESULTS
Coreplication of defective RV RNA in the presence of
helper genome
In order to study the roles of RV NSPs in synthesizing
distinct viral RNAs, we performed complementation ex-
periments, in which engineered RNA transcripts were
coelectroporated into BHK-21 cells. Resulting production
of viral RNAs was monitored by RNase protection assay
(RPA). Engineered RNA to be used as coreplication sub-
strates were designed to contain alterations in the NSP
or SP region of ORF that would not perturb normal pro-
teolytic processing at the p150/p90 junction. M33DSS is
a modified RV RNA transcript with most of the structural
protein region deleted, from nt 6966 to 9336 (Fig. 1A).
M33DMM is a replication-defective RNA transcript with a
frame-shift deletion in the NSP ORF from nt 1081 to 5106
(Fig. 1A). RNA molecules were introduced by electropo-
ration, separately or together, into BHK-21 cells. At indi-
cated times postelectroporation, total RNA was isolated
and subjected to RPA using either probes detecting both
molecules (pb18 and pb19), or specific to M33DMM only
(pb20 and pb21) (Fig. 1A). pb18 is positive-strand specific
and differentiates genomic from subgenomic RNA by the
size of signal bands, 301 nt for genomic and 188 nt for
subgenomic RNA. pb20 is also positive-strand specific
but fails to differentiate genomic from subgenomic RNA,
as both generate a 162-nt signal band. pb19 and pb21,
complementary to pb18 and pb20, respectively, are neg-
ative-strand specific, giving signal bands of 301 and 162
nt, respectively. In positive-strand RNA analysis (Figs. 1B
and 1C), samples at 0 h represented the amount of RNA
transcript introduced into cells by electroporation, while
RNAs detected at 7 h were the remaining input RNA
transcript that had not been degraded by then. Those at
24 h were newly synthesized genomic and subgenomic
RNAs. When M33DSS RNA was electroporated into BHK
cells alone, synthesis of positive-strand genomic (301-nt)
and subgenomic (188-nt) RNAs was detected (Fig. 1B,
lanes 2–4). The 301-nt band representing negative-strand
RNA, detected by pb19 at 4, 7, and 24 h (Fig. 1B, lanes
13–15), the increased 301-nt product (representing
genomic RNA), and the appearance of the 188-nt band
(representing subgenomic RNA) detected by pb18 at 24 h
(Fig. 1B, lane 4) further demonstrated the successful
replication of helper RNA M33DSS. Replication of the
M33DSS RNA resembles that of the WT M33 RNA in both
time course and RNA levels (Liang and Gillam, 2000).
When the M33DMM RNA was introduced alone, no sig-
nal band, representing negative-strand RNA, could be
309RUBELLA VIRUS PROTEINS AND RNA REPLICATIONdetected at any time by either pb19 (Fig. 1B, lanes 17–19)
or by pb21 (Fig. 1C, lane 12), nor could the band specific
to positive-strand RNAs by pb18 (Fig. 1B, lane 7) or by
pb20 (Fig. 1C, lane 5) be detected at 24 h. This demon-
strated the defective replication of M33DMM RNA. When
both RNAs were coelectroporated into BHK cells, no
FIG. 1. Coreplication of replication-defective RV RNA in the presence
M33DMM and the helper RNA M33DSS, with the relative positions o
indicated by the arrow. (B) RPAs using pb18 (lane 1) and pb19 (lane 11
by electroporation either singly or in combination into BHK-21 cells. Fou
used for positive-strand RNA detection by pb18 (lanes 2–10), and 20 m
pb19 (lanes 12–23). (C) RPAs using pb20 (lane 1) and pb21 (lane 9), spe
using either pb20 (lane 2) or pb21 (lane 10). After M33DMM RNA was
prepared at 0, 7, and 24 h was used for positive-strand RNA detection b
by pb21 (lanes 11–16). A reaction mixture containing 5 ng of full-length
control for RPA with pb21 (lane 17). Positions of specific protected band
with Adobe Photoshop 5.0 software.signal band specific to negative-strand RNA was de-
tected at 7 and 24 h using pb21 (Fig. 1C, lanes 15 and 16),nor were bands specific to positive-strand RNAs de-
tected by pb20 at 24 h (Fig. 1C, lane 8), indicating that
replication of the M33DMM RNA was not rescued by the
M33DSS RNA. The positive-strand RNAs detected by
pb18 (Fig. 1B, lane 10) and the negative-strand RNA
detected by pb19 (Fig. 1B, lanes 21–23) were therefore
per genome. (A) Schematic diagrams of the replication-defective RNA
probes (pb18/pb19, pb20/pb21). The start of the subgenomic RNA is
ific to M33DMM and M33DSS RNAs. The two RNAs were introduced
grams of total RNA prepared at 0, 7, and 24 h postelectroporation was
se at 0, 4, 7, and 24 h was used for negative-strand RNA detection by
the M33DMM RNA only. The M33DSS RNA produced no specific band
orated alone or in combination with M33DSS RNA, 4 mg of total RNA
(lanes 3 to 8), and 20 mg was used for negative-strand RNA detection
ve-strand RNA transcript produced in vitro was included as a positive
ndicated. Images were scanned using an UMAX Astra 1220U scannerof hel
f RPA
), spec
r micro
g of tho
cific to
electrop
y pb20
negati
s are igenerated solely by the self-replication of M33DSS RNA.
We also created several replication-defective con-
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310 LIANG AND GILLAMstructs with frame-shift addition, deletions, or a stop
codon in different NSP regions for the complementation
experiment (Fig. 2). However, none of these could be
rescued by the helper RNA (data not shown), suggesting
that the absence or disruption of critical cis-RNA ele-
ments is not the reason for failed trans-complementation.
Taken together, our data indicated that replication of RV
RNA, or at least the negative-strand RNA, is cis-prefer-
ntial. Considering the sensitivity of RPA in this study is
07 molecules of viral RNA (Liang and Gillam, 2000), we
annot rule out the possibility of low-level RNA synthesis
n trans, although RNA synthesis from the cis RNA tem-
late is apparently much more efficient than that from a
rans RNA template. Interestingly, this cis-preferential
eplication is consistent with a previous report that the
nly major DI RNA of RV was identified as containing
SP ORF with a single large deletion in the structural
rotein region (Derdeyn and Frey, 1995). We then exam-
ned whether the failure of positive-strand RNA replica-
ion is caused by its cis-preferred replication or by the
bsence of prerequisite negative-strand RNA synthesis.
As described previously (Liang et al., 2000), both the
1152S mutant (containing mutated NS protease cata-
ytic site) and the G1301S mutant (containing mutated
SP cleavage site) are functional in negative-strand RNA
ynthesis but defective in positive-strand RNA synthesis,
ecause they are unable to process the polyprotein
200. The two mutants differ in that p200(C1152S) can
e processed by a functional protease, such as
200(G1301S), provided in trans, whereas p200(G1301S)
annot be cleaved due to its mutated NSP cleavage site.
e designed complementation experiments to examine
he trans or cis function of p150/p90 in synthesizing
ositive-strand RNAs. M33(C1152S) RNA was further
odified with a deletion in the structural protein region
rom nt 6966 to 9336 to yield M33(C1152S)DSS RNA (Fig.
A). Its replication can be separated from that of
FIG. 2. Schematic diagrams of constructed replication-defective mu-
tants. Mutants were constructed in pBRM33 (Yao and Gillam, 1999) with
frame-shift addition, deletions, and a stop codon within NSP ORF (nt 41
to 6388).33(G1301S) RNA by RPA using different probes, pb18/
b19 specific to both RNAs and pb20/pb21 specific to33(G1301S) only (Fig. 3A). When the M33(C1152S)DSS
nd M33(G1301S) RNAs were introduced in cells sepa-
ately or together, the 301-nt signal band specific to
egative-strand RNA was detected by pb19 at 4 and
h (Fig. 3C), demonstrating the successful synthesis
f negative-strand RNA. In contrast, when the
33(C1152S)DSS and M33(G1301S) RNAs were electro-
orated separately, no accumulation of the 301-nt prod-
ct specific to genomic RNA or the 188-nt band specific
o subgenomic RNA was observed at 24 h using pb18
Fig. 3B, lanes 4 and 7) or pb20 (Fig. 3B, lane 15), sug-
esting that synthesis of positive-strand RNAs was de-
ective in both constructs. When the RNAs were intro-
uced together, accumulations of both 301- and 188-nt
roducts, representing genomic and subgenomic RNAs,
ere clearly detected by pb18 at 24 h (Fig. 3B, lane 10),
ndicating the efficient rescue of synthesis of positive-
trand RNAs. A 162-nt band (Fig. 3B, lane 18) was de-
ected by pb20, specific only to the M33(G1301S) RNA, at
4 h, suggesting that positive-strand RNA can be syn-
hesized in trans. To compare the efficiencies of positive-
trand RNA synthesis in cis and trans, we conducted
another complementation experiment using RNA con-
structs, M33(C1152S) and M33(G1301S)DSS, in which the
deletion in the structural protein region is in the cleav-
age-site defective mutant (Fig. 3A). Similarly, negative-
strand RNA was produced normally when the two RNAs
were transfected separately or together; positive-strand
RNA was not produced when either RNA was transfected
alone and was efficiently rescued when cotransfected
(data not shown). In complementation experiment with
M33(C1152S)DSS and M33(G1301S), pb20 detected the
positive-strand RNA synthesized from the trans template
M33(G1301S) RNA, whereas in complementation exper-
iment with M33(C1152S) and M33(G1301S)DSS, pb20 de-
tected the positive-strand RNA synthesized from the cis
template M33(C1152S) RNA. Therefore, using the same
probe in the same gel, the amount of positive-strand RNA
produced in cis and trans can be compared (Fig. 3D,
lanes 4 and 7). The results demonstrated that positive-
strand RNA synthesis is more efficient in cis than in trans
(about twofold by image analysis). Since the main posi-
tive-strand RNA replication complex is composed of
p150 and p90 (Liang and Gillam, 2000), a straightforward
explanation is that p200(C1152S) was cleaved by
p200(G1301S) into p150 and p90, which function more
efficiently using the cis template M33(C1152S) than using
the trans template M33(G1301S). It also suggested that
the significant difference of signal bands detected by
pb18 and pb20 in the same complementation experiment
(Fig. 3B, lanes 10 and 18) was due not only to the different
replication efficiencies in cis and trans, but more pro-
foundly by the different probes used. The underlying
reasons are not clear, but may be that the much smaller
size of pb20 decreases the RPA signal (the percentage of
C residue in both probes are nearly the same). In con-
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311RUBELLA VIRUS PROTEINS AND RNA REPLICATIONclusion, we have shown for the first time that RV nega-
FIG. 3. Cis replication of positive-strand RNA is more efficient than tra
and M33(G1301S)DSS RNAs with the relative positions of pb18/pb19 an
or M33(C1152S) RNA can be processed by p200(G1301S) translated fro
(sgRNA) is indicated. (B) Positive-strand RNAs detected by pb18 (lane 1
11), specific to M33(G1301S) RNA only, in a complementation exper
electroporated into BHK cells separately or together, 4 mg of total RN
eactions using pb20 were also conducted on samples prepared from M
lanes 16–18). pb20 was not specific to the M33(C1152S)DSS RNA (lane
xperiment of M33(C1152S)DSS and M33(G1301S). The two RNAs were
f total RNA samples prepared at 0, 4, and 7 h postelectroporation were
b20 for the two complementation experiments, M33(C1152S)DSS a
oelectroporated either with M33(C1152S)DSS and M33(G1301S) (lane
nd 24 h, total cellular RNA were extracted and subjected to RPA with pr
ere scanned using an UMAX Astra 1220U scanner with Adobe Phototive-strand RNA is produced preferentially in cis with its
trans replication undetectable in our system and thatboth cis- and trans-replication of positive-strand RNAs
Schematic diagrams of M33(C1152S)DSS, M33(G1301S), M33(C1152S),
/pb21. The polyprotein p200(C1152S) translated from M33(C1152S)DSS
(G1301S) or M33(G1301S)DSS RNA. The start of the subgenomic RNA
ific to both M33(C1152S)DSS and M33(G1301S) RNAs, or by pb20 (lane
with M33(C1152S)DSS and M33(G1301S). After the two RNAs were
ared at 0, 7, and 24 h were used in RPA with pb18 (lanes 2–10). RPA
301S) electroporated alone (lanes 13 to 15) and from coelectroporation
Negative-strand RNA detected by pb19 (lane 1) in the complementation
oporated separately or together into BHK-21 cells. Twenty micrograms
for negative-strand RNA detection by pb19 (lanes 2 to 10). (D) RPA with
3(G1301S), M33(C1152S) and M33(G1301S)DSS. BHK-21 cells were
or with M33(C1152S) and M33(G1301S)DSS RNAs (lanes 5–7). At 0, 7,
20 (lane 1). Positions of specific protected bands are indicated. Images
.0 software.ns. (A)
d pb20
m M33
), spec
iment
A prep
33(G1
12). (C)
electr
used
nd M3
s 2–4)are detectable in a similar system with cis-replication
more efficient than trans-replication.
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312 LIANG AND GILLAMTime course of RV RNA accumulation
RV replicates slowly with the latent period lasting more
than 12 h and does not shut off host RNA synthesis. Even
at high input multiplicity of infection (MOI) the percent-
age of initially infectable cells is only in the range of
10–50% (Hemphill et al., 1988). Therefore, metabolic la-
eling assays such as incorporation of [3H]uridine into
infected cells failed to detect RV RNA synthesis (Hemp-
hill et al., 1988), because incorporation of [3H]uridine into
irus-infected cells was not significantly above that of
ock-infected cells. By analyzing [3H]uridine-labeled, ac-
inomycin D-resistant total RNA on glyoxal-agarose gel
lectrophoresis, Hemphill et al. (1988) were able to de-
ect genomic and subgenomic viral RNAs and quantitate
hem at each time point. RNA synthesis increased dra-
atically from 6 through 19 hpi, with maximal RNA syn-
hesis at 24 hpi (Hemphill et al., 1988). However, this
tudy did not differentiate negative- from positive-strand
NA and was not sensitive enough to detect RNA syn-
hesis at very early stages of virus infection. To deter-
ine whether RV negative-strand RNA synthesis stops
fter a certain time (as does that of alphavirus), a more
ensitive assay is needed. In previous studies (Liang and
illam, 2000), we employed RPA to quantitate three RV
NA species at early stages of replication (4, 8, 24 hpi).
e then used the same technique to determine the
mounts of three viral RNAs accumulated in the same
umber of cells at different times postinfection to follow
he time course of viral RNA accumulation.
Vero cell monolayers on 35-mm-diameter dishes were
nfected with RV (M33 strain) at a MOI of 0.1 plaque-
FIG. 4. Accumulated levels of viral RNAs during virus infection. Vero c
at MOI of 0.1 PFU/cell for 1 h at 37°C. At 2-h intervals, total RNA was p
RPA using pb18 and pb19, respectively. Samples were appropriately d
were quantitated by image analysis and compared to the amount of 35S
as then calculated from the intensity of RPA band (cpm) to allow for
corresponding RPA reaction. Values of each viral RNA were plotted aga
RNA; E, subgenomic RNA. Note that positive- (left) and negative-stran
independent experiments.orming units (PFU)/cell for 1 h. We did not use a high
OI, because only a small percentage of cells are ini-
a
vially infectable by RV and synchronous infection cannot
e achieved even at a high input MOI (Hemphill et al.,
988). Total RNA was extracted every 2 h and subjected
o RPA. Negative-strand RNA was detected using pb19 in
two-cycle RPA reaction. Positive-strand RNAs were
etermined using probe18 in a one-cycle RPA reaction
Liang and Gillam, 2000). The total RNA at each time
oint was appropriately diluted so that the amount of
robe was not limiting. Intensities of the signal bands
pecific to each of the three viral RNAs were quantitated,
tandardized against the amount of total RNA, and plot-
ed against infection time (Fig. 4). Note that the scale for
egative-strand RNA (on the right) is much lower than
hat for positive-strand RNAs (on the left). Accumulation
f negative-strand RNA was first detected at 2 hpi,
eached a plateau at 10 hpi, and remained almost con-
tant thereafter. Results indicated that synthesis of neg-
tive-strand RNA decreased to a very low level after 10
pi. In contrast, positive-strand RNAs (both genomic and
ubgenomic RNAs) appeared at a low level after 4 to 6
pi and increased dramatically after 10 hpi. Similar to
ther positive-strand RNA synthesis (Ishikawa et al.,
991), the ratios of accumulated positive-strand RNA to
egative-strand RNA varied from 1:1 early (10 hpi for RV)
n infection to 80:1 at a later stage (24 hpi). Syntheses of
enomic and subgenomic RNAs seem to be synchro-
ized and the molar ratio of subgenomic to genomic RNA
SG/G) remained between 2.3 and 3.7. It is of interest to
ote that the dramatic increase of positive-strand RNAs
tarts after 10 hpi, when accumulation of negative-strand
NA has nearly stopped. To analyze the viral RNA data
olayers on 35-mm-diameter dishes were infected with RV (M33 strain)
d and subjected to detection of positive- and negative-strand RNAs by
o that the amount of probe was not limiting. Intensities of RPA bands
d RNA probe (cpm) loaded at the same time. The amount of viral RNA
n and standardized against the amount of total RNA (mg) used in the
ection times (hpi). h, negative-strand RNA; }, positive-strand genomic
(right) use different y scales. Values presented are the results of twoell mon
repare
iluted s
-labele
dilutio
inst inflong with the progress of virus infection, the released
iruses were quantitated during the time course. The
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313RUBELLA VIRUS PROTEINS AND RNA REPLICATIONaccumulated virus particles were 1 3 102 PFU/ml at 16
pi and 2 3 103 PFU/ml at 24 hpi. However, the amount
f negative-strand RNA did not increase significantly
fter 16 hpi, suggesting that secondary infection is at a
ery low level between 16 and 24 hpi, possibly due to the
ow amount of released virus in the first-round of repli-
ation (1 3 102 PFU/ml). Therefore, levels of viral RNAs
bserved in this experiment represent mostly the pri-
ary infection and are not complicated by secondary
nfection.
re p150/p90 functional in negative-strand RNA
ynthesis?
Using mutational analysis, we have previously shown
hat polyprotein p200 is functional in negative but not
ositive-strand RNA synthesis and the cleavage of p200
nto p150/p90 is required for efficient positive-strand RNA
ynthesis (Liang and Gillam, 2000). One question yet to
e answered is whether p150/p90 produces negative-
trand RNA as well. A straightforward approach to study
he roles of p150 and p90 in negative-strand RNA syn-
hesis is to conduct reconstitution or complementation
xperiments, in which p150 and p90 are provided sepa-
ately, either from expression vectors or from two co-
ransfected RNA molecules, and examined for their ca-
acity to replicate a template RNA. However, this ap-
roach is unsuitable for RV because its RNA replication
s cis-preferential (Figs. 1 and 3). Furthermore, no muta-
ion has been identified in RV comparable to N614D in
lphavirus, which enhances the protease activity so
uch that no polyprotein can be detected (Strauss et al.,
992; Strauss and Strauss, 1994).
We observed (Fig. 4) that synthesis of negative-strand
NA increases only in the early stages of infection and
early stops later when the concentration of p150/p90
upposedly increases, indicating that p150/p90 are not
ctive in producing negative-strand RNA. In the previous
utational analysis (Liang and Gillam, 2000), we noted
hat at 4-h postelectroporation, cleavage-defective mu-
ants with lower NSP cleavage efficiencies and thus
ower levels of p150/p90 produce higher levels of nega-
ive-strand RNA than do wild-type (WT). A more detailed
xperiment was conducted to compare the levels of
egative-strand RNA synthesis at early stages between
T and a cleavage-abolished mutant G1301S (Fig. 5).
fter transfection of BHK cells with the WT and G1301S
NA separately, total RNA was prepared at 2-h intervals
nd subjected to RPA to detect negative-strand RNA.
rom 2- to 6-h postelectroporation the G1301S mutant
NA produced more negative-strand RNA than did the
T RNA (Fig. 5, comparing lanes 3 to 5 to lanes 8 to 10),
hereas both reached a similar level at 8 h (Fig. 5, lanes
and 11). That the WT RNA, with a certain amount of150/p90 resulting from p200 processing, synthesized a
ower level of negative-strand RNA at early stages than
w
tid the G1301 mutant, with a blocked cleavage site
reventing formation of p150/p90, is consistent with the
ypothesis that p200 rather than p150/p90 is the main
eplicase for negative-strand RNA. At 8-h postelectropo-
ation both produced a similar level of negative-strand
NA, possibly because of limiting host factor(s) required
or replication (Liang and Gillam, 2000).
In an attempt to increase the cleavage of p200, an
dditional protease construct (p150) was provided in
rans, and its effect on the level of negative-strand RNA
ynthesis was examined. The wild-type RV RNA, the
V(p150) RNA encoding protease p150, and the
V(p150C1152S) RNA encoding an inactive protease
150(C1152S) were transcribed in vitro from HindIII-lin-
arized pBRM33, pBR-150, and pBR-150(C1152S), re-
pectively. To determine how much p150 enhances the
leavage efficiency of WT p200, the time course pf p200
ranslation and processing in vitro was studied (Liang et
al., 2000). The 35S-labeled p200, unlabeled p150, and
unlabeled p150(C1152S) were translated in vitro from WT
RV, RV(p150), and RV(p150C1152S) RNA, respectively, for
40 min, when synthesis was terminated by the addition
of RNase A and cycloheximide. The processing of radio-
labeled p200 was then allowed to proceed in the pres-
ence of control buffer, p150, or p150(C1152S). At indi-
cated times samples were removed from each reaction
and analyzed by SDS–PAGE analysis. The processing
ratio was calculated as the percentage of the quantity of
the cleaved products (p150 and p90) with respect to the
total of remaining substrate (p200) and cleaved products.
Results were plotted against time as described previ-
ously (Liang et al., 2000). The presence of p150(C1152S),
he inactive protease, did not alter the processing ratio of
200 significantly, whereas the presence of active p150
ed to an increase in the processing ratio during the
0-min incubation (Fig. 6), indicating that p200 was pro-
essed more efficiently in the presence of p150. The
ffects of increased cleavage efficiency of p200 on neg-
tive-strand RNA synthesis were then examined. RV RNA
FIG. 5. Comparison of WT and mutant G1301S on the levels of
negative-strand RNA synthesis. BHK-21 cells were electroporated with
either WT RNA (lanes 2–6) or mutant G1301S RNA (lanes 7 to 11). Total
cellular RNAs were prepared every 2 h postelectroporation and sub-
jected to the detection of negative-strand RNA using two-cycle RPA
with pb19 (lane 1).as electroporated into BHK-21 cells either alone or
ogether with M33(p150) or M33(p150C1152S) RNA. Us-
t314 LIANG AND GILLAMing RPA with pb19, synthesis of negative-strand RV RNA
was compared at 24-h postelectroporation (Fig. 7A), be-
cause the levels of negative-strand RNA were too low to
be compared at earlier times. In the presence of pro-
tease p150 (Fig. 7A, lane 5) RV RNA produced a much
lower level of negative-strand RNA than in its absence
(Fig. 7A, lane 3) or in the presence of inactive protease
p150(C1152S) (Fig. 7A, lane 7). Quantitation of the corre-
sponding bands revealed that the presence of p150 re-
duced the production of negative-strand RNA by 50%. We
also compared levels of positive-strand RNA production
using RPA with pb18 (Fig. 7B). RV RNA in the presence of
p150 (Fig. 7B, lane 5) produced much less of the genomic
RNA (the 301-nt band) and subgenomic RNA (the 188-nt
FIG. 6. The processing ratio of p200 in the presence of control buffer,
p150, or p150(C1152S). Radiolabeled p200 was processed by control
lysate (h), unlabeled p150 (), or p150(C1152S) (3), as described under
Materials and Methods. Protein bands of substrate (p200) and cleav-
age products (p150 and p90) on SDS–PAGE gel were quantitated using
the Scion program. The cleavage ratio plotted against time as a per-
centage was the amount of the cleavage products divided by the total
of remaining substrate and cleavage products. Results were the aver-
age of two independent experiments.
FIG. 7. The effects of protease provided in trans on the level of viral
he RV(p150C1152S) RNA encoding an inactive protease p150(C1152
pBR-150(C1152S), respectively. The RV RNA was electroporated into BH
and B: lanes 4 and 5), or with M33(p150C1152S) RNA (A and B: lanes 6
subjected to RPA. (A) Detection of negative-strand RNA using RPA with pb19.
of the protected bands are indicated. Images were scanned using UMAX Asband) than in its absence (Fig. 7B, lane 3) or in the
presence of inactive protease p150(C1152S) (Fig. 7B,
lane 7). Quantitative analysis of the bands confirmed that
synthesis of both genomic and subgenomic positive-
strand RNA was reduced by 60–70% in the presence of
p150. Levels of positive-strand RNA followed those of
negative-strand RNA, suggesting that the decreased
positive-strand RNA synthesis was caused by the lower
level of negative-strand RNA synthesis. The presence of
active protease p150, with an increase in the p200 cleav-
age ratio, led to a 50% decrease in the level of negative-
strand RNA. The presence of inactive protease
p150(C1152S), with no significant influence on the p200
cleavage ratio, resulted in no major change of negative-
strand RNA synthesis. Since p150(C1152S) differs from
p150 in only one residue of the protease active site, our
data suggest that the enhanced cleavage of p200 pro-
duced a lower level of negative-strand RNA. From Figs. 5
and 7, it is evident that a higher concentration of cleav-
age products p150/p90 is associated with lower produc-
tion of negative-strand RNA. This indicates that p150/p90
is not as functional as p200 in negative-strand RNA
synthesis. We conclude that p200 is the main negative-
strand RNA replicase and p150/p90 represents the main
positive-strand RNA replicase.
DISCUSSION
RV RNA replication is cis-preferential
For a number of positive-strand RNA viruses, RNA
replication requires the translation of part or all of the
NSP coding region in cis (de Groot et al., 1992; Mahajan
et al., 1996; Neeleman and Bol, 1999; Novak and Kirke-
gaard, 1994; Schaad et al., 1996; Scholthof and Jackson,
1997; Van Bokhoven et al., 1993; Weiland and Dreher,
1993; White et al., 1992; Zhou and Jackson, 1996). RV and
alphavirus belong to the Togaviridae family and share
nthesis. The RV RNA, the RV(p150) RNA encoding protease p150, and
e in vitro transcripts from HindIII-linearized pBRM33, pBR-150, and
ells alone (A and B: lanes 2 and 3), or together with M33(p150) RNA (A
). At indicated times postelectroporation, total RNA was prepared andRNA sy
S) wer
K-21 c
and 7(B) Detection of positive-strand RNAs using RPA with pb18. Positions
tra 1220U scanner with Adobe Photoshop 5.0 software.
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315RUBELLA VIRUS PROTEINS AND RNA REPLICATIONsimilar genome organization. Alphavirus NSPs can func-
tion efficiently in trans, as shown by both complementa-
tion (Hahn et al., 1989a,b) and reconstitution studies (Li
et al., 1991). SIN DI particles containing repeated and
rearranged genomic sequences in the middle of the
genome are not translatable (Strauss and Strauss, 1994).
In contrast, rescue of a defective RV RNA replication by
a functional helper RNA was not detected by RPA in our
complementation study (Fig. 1). The failure to detect
defective RV RNA replication was not due to the low
number of cells cotransfected with two RNAs, as we
have shown that RNA expression of defective NS pro-
tease can be complemented by coelectroporation of two
RNA molecules (Fig. 3). The transfection efficiency of
BHK cells by electroporation was found to be 90–100%
using green fluorescent protein as a reporter protein
expressed by a Semliki Forest virus replicon RNA under
the same conditions (data not shown). The high cotrans-
fection efficiency of RNA molecules ensured that both
RNAs entered a high percentage of cells. Different RNA
templates were employed to minimize the potential ef-
fects of mutations on RNA sequence and structure.
Therefore, the failure of trans-complementation in nega-
ive-strand RNA synthesis strongly suggested that this
ynthesis is cis-preferential. Vaccinia recombinant-ex-
ressed RV NSPs also failed to rescue the replication of
emplate RNAs as detected by RPA (unpublished data).
ith the cis preferential replication, the major naturally
ccurring DI RNA was characterized to carry an intact
SP–ORF with deletion in the structural protein region
Derdeyn and Frey, 1995), indicating a selective advan-
age of translating the NSP coding sequence in cis for
virus replication. However, given the sensitivity of RPA in
detecting viral RNA is 107 molecules, our results could
ot exclude the possibility that a limited low level of trans
ynthesis of negative-strand RNA had occurred. Instead,
hese data suggested that cis replication of negative-
trand RNA is much more efficient than trans. Using
complementation experiments of two cleavage-defective
lethal mutants (Fig. 3), we also demonstrated that syn-
thesis of positive-strand RV RNAs can occur in both cis
and trans, with higher efficiency in cis.
Although other explanations are possible, the advan-
tage of cis translation appears to be the result of the
preferential cis action of p200 in synthesizing RV nega-
tive-strand RNA and the preferential cis action of p150/
p90 in synthesizing positive-strand RNAs. Mechanisms
for the cis requirement of a protein remain obscure but
several possibilities have been proposed (Novak and
Kirkegaard, 1994). One explanation is the establishment
of a template. The newly synthesized p200 might interact
with positive-strand genomic RNA from which it is being
translated to enable that RNA molecule to become the
functional template for negative-strand RNA synthesis.
Positive-strand RNA synthesis employs the negative-
strand RNA as template. In RV-infected cells negative-strand RV RNA is present only in double-strand in either
the replication form or the replicative intermediate (Frey,
1994). The negative-strand RNA might interact with the
replication complex by which it was produced to become
a more functional template for positive-strand RNA syn-
thesis. Alternatively and more likely, it is the restriction of
diffusion of NSPs which could be limited by subcellular
localization or protein stability. RV replication complexes,
consisting of NSPs, host factors, and viral RNAs, are
localized to membrane-bound virus-modified lysosomes
(Lee et al., 1992, 1994; Magliano et al., 1998). Binding to
membrane might restrict the diffusion of p200 and its
cleavage products p150/p90. In addition, as a negative-
strand RNA replicase, p200 is probably present at high
concentration only near the RNA from which it is trans-
lated, because of the efficient self-processing. Therefore,
both subcellular localization and protein stability could
restrict p200 from using other RNA templates efficiently.
After the cleavage of p200 into p150/p90, the replication
complex may still remain associated with the newly syn-
thesized negative-strand RNA, serving as its preferential
template. The benefits of cis-preferential replication in-
clude facilitating the assembly of replication complexes
when few viral RNAs and proteins are present and pre-
venting the amplification of host RNAs or replication-
defective DI RNAs (Novak and Kirkegaard, 1994; Weiland
and Dreher, 1993). The mechanisms for the cis-preferen-
tial replication of RV need further investigation.
Synthesis of RV negative- and positive-strand RNAs is
regulated by NSP cleavage
In determining levels of each of the three viral RNAs,
we found that negative-strand RNA accumulates until 10
hpi and remains nearly constant thereafter. Positive-
strand RNAs (both genomic and subgenomic) only begin
to accumulate rapidly after 10 hpi. This replication pat-
tern of RV resembles that of alphavirus, in which nega-
tive-strand RNA synthesis ceases after 4 to 6 hpi and
switches to positive-strand RNA synthesis (Sawicki et al.,
1981).
Many studies have demonstrated that the time-depen-
dent RNA synthesis of alphavirus is controlled by the
temporal regulation of NSP processing. It is natural to
hypothesize that the switch of RV RNA synthesis from
negative- to positive-strand is regulated by cleavage of
p200 into p150/p90. In a previous study (Liang and Gil-
lam, 2000), we have shown that polyprotein p200 is fully
functional in the negative- but not positive-strand RNA
synthesis and the cleavage products p150/p90 are re-
quired for efficient synthesis of positive-strand RNA. In
this study, we presented evidence indicating that p150/
p90 may not form a functional replicase for negative-
strand RNA. These data suggest that p200 is the main
negative-strand RNA replicase, whereas p150 and p90
together form the principal positive-strand RNA replicase
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316 LIANG AND GILLAMfor both genomic and subgenomic RNAs. Therefore, the
time-dependent transition from negative- to positive-
strand RNA synthesis is controlled by the temporal reg-
ulation of the processing of p200 into p150/p90, which
not only activates efficient positive-strand RNA synthesis
but also shuts off negative-strand RNA synthesis. In
virus-infected cells, the switch from negative- to positive-
strand RNA synthesis occurs at 10 hpi. A deduction from
the proposed mechanism should be a significant alter-
ation of NSP components around 10 hpi. Unfortunately,
we could not detect NSPs in virus-infected cells at such
an early time by either Western blot analysis or immu-
noprecipitation (data not shown), possibly due to the very
low level of NSPs produced early in infection, the low
percentage of infected cells, and/or the low avidity of the
peptide antibodies against NSPs used. We have shown
that p200 processing in vitro is nearly completed by 2–3
h (Liang et al., 2000) and that the presence of p150
significantly increases the p200 processing efficiency
(Fig. 7). In addition, the cis-preferential synthesis of neg-
ative-strand RNA indicates that most negative-strand
RNA synthesis is initiated by newly translated p200.
Taken together, it is reasonable to suggest that different
p200 cleavage kinetics early and late in the infectious
cycle lead to different patterns of RNA synthesis. We
propose that earlier than 10 hpi, enough newly translated
p200 is present to support negative-strand RNA synthe-
sis and that the generally low level of p150/p90 produced
limits positive-strand RNA synthesis. After 10 hpi, little
new p200 is made and negative-strand RNA synthesis is
not readily initiated. The switch is brought about by a
combination of levels of translation of p200, and/or more
likely, the accumulation of p150 which significantly in-
creases the cleavage of newly translated p200. At this
time, positive-strand RNA synthesis is dramatically in-
creased because the large amount of p150/p90 can func-
tion in both cis and trans, with cis-replication being more
fficient.
All positive-strand RNA viruses replicate through a
egative-strand RNA intermediate and the regulatory
echanism of the transition from negative- to positive-
trand RNA synthesis is of great interest. From previous
tudies on alphavirus (Lemm and Rice, 1993a,b; Lemm
t al., 1994, 1998; Shirako and Strauss, 1994) and our
ork on RV (Liang and Gillam, 2000; this work), the
emporal regulation of polyprotein cleavage may repre-
ent a common strategy for viral RNA regulation. In
ddition, the binding of host factors to the replication
omplexes may also play a critical role in this process
Pogue et al., 1994).
echanism for RV NSP translation, processing, and
iral RNA synthesisFrom our previous (Liang and Gillam, 2000) and cur-
ent studies, a mechanism of RV NSP translation, pro-
t
tcessing, and viral RNA synthesis is proposed (Fig. 8).
Upon infection, the input genomic RNA serves as the
template for the translation of polyprotein p200. This,
associated with host factors, binds to the 39 end of the
RNA, from which it is being translated, and functions in
cis to synthesize a full-length negative-strand RNA. The
subsequent processing of p200 into p150/p90 converts
the original replication complex into one with specificity
for synthesis of positive-strand RNA. This complex
switches to the template RNA of negative-strand and
recognizes the promoters for genomic RNA and sub-
genomic RNAs and thus synthesizes genomic and sub-
genomic RNAs efficiently. Early in infection, newly trans-
lated p200 support the accumulation of negative-strand
RNA while low level of p150/p90 produce limited posi-
tive-strand RNAs. After 10 hpi, the increased level of
p150/p90 cause a dramatic increase in production of
positive-strand RNAs. At this stage synthesis of negative-
strand RNA largely shuts off because very little new p200
can exist, a result of increased NS protease activity
and/or low p200 translation.
Many questions still remain to be answered in this
process. Host factors identified so far as binding specif-
ically to RV RNA are autoantigens including calreticulin
and La autoantigens (Nakhasi et al., 1994), whose func-
ions for viral RNA synthesis remain elusive. In addition,
he mechanism for the differential synthesis of genomic
nd subgenomic RNAs is still unknown. Further studies
ddressing these issues will help our understanding of
FIG. 8. Proposed mechanism for RV NSP translation, processing, and
viral RNA synthesis. Upon infection, p200 is translated from the input
genomic RNA (gRNA) and possibly binds to the 39 end of the template
RV RNA. Along with host factors, p200 functions in cis as replicase to
generate a full-length negative-strand RNA. The subsequent process-
ing of p200 into p150/p90 not only disables the capacity for negative-
strand RNA synthesis, but also permits efficient positive-strand RNA
synthesis, including that of both 40S genomic RNA and 24S sub-
genomic RNA (sgRNA).he replication and pathogenesis of RV and combating
he virus induced diseases.
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317RUBELLA VIRUS PROTEINS AND RNA REPLICATIONMATERIALS AND METHODS
Cells and viruses
Vero cells were cultured in Eagle’s minimum essential
medium (MEM, Gibco BRL) supplemented with 5% fetal
calf serum (FCS). BHK-21 cells were grown in MEM
containing 10% FCS and 10% tryptose phosphate broth.
RV (M33 strain) was propagated in Vero cells.
Plasmid construction
Standard recombinant DNA techniques were used to
generate all the constructs (Maniatis et al., 1992). The
full-length infectious cDNA clone, pBRM33, based on RV
M33 strain, was used in the cloning (Yao and Gillam,
1999).
Plasmid pBRM33DSS was generated from pBRM33
by deleting the fragment from nt 6966 to 9336 after StuI
digestion and religation. Its derived RNA, M33DSS,
is a replicon with most of the coding region for struc-
tural protein removed. pBRM33DMM, encoding defec-
tive NSP, was generated by deleting from pBRM33 the
fragment between nt 1081 and 5106 using MluI sites.
The full-length cDNA clones pBRM33(C1152S) and
pBRM33(G1301S) containing the protease-site muta-
tion C1152S and the cleavage-site mutation G1301S,
respectively, were described previously (Liang et al.,
2000). pBRM33(C1152S)DSS and pBRM33(G1301S)DSS,
directing the in vitro synthesis of M33(C1152S)DSS
and M33(G1301S)DSS RNAs, respectively, were con-
structed by deleting the fragment between nt 6966 and
9336 using StuI sites from pBRM33(C1152S) and
pM33(G1301S), respectively. The full-length cDNA clone
pBR-150, encoding p150 only in the NSP ORF due to an
introduced stop codon after G1301, has been described
previously (Liang et al., 2000). To create the C1152S
mutation in pBR-150, a fusion PCR was employed with
pBR-150 DNA as a template and two pairs of primers,
JSY-13 (59GCTGCTCGAGCGCGCCTACCG39) with JSY-3
(59GGCGCGGAGCCAGCTGGTGTTTGGGTC39) and JSY-2
(59GACCCAAACACCAGCTGGCTCCGCGCC39) with JSY-12
59GTAGGTGGCGGCGTTCTTGAT39). Two PCR products of
38 and 758 bp were annealed to serve as the template for
mplification of the 1.47-kb fragment using JSY-13 and JSY-
2. The 1.47-kb fragment was cut with NheI and EcoRV and
eplaced the corresponding fragment of pBR-150 to pro-
uce pBR-150(C1152S), a full-length cDNA clone encoding
he protease-site-mutated p150 in the NSP ORF.
n vitro transcription
The cDNA clones were linearized at the unique HindIII
ite and transcribed with SP6 RNA polymerase (Pro-
ega) in the presence of a cap analog 7mG59ppp59G (Pro-mega) using the protocol recommended by the manufac-
turer.
R
1RNA transfection
BHK-21 cells were transfected by electroporation as
described previously (Yao and Gillam, 1999). BHK-21
cells were harvested by trypsin treatment and washed
twice with cold PBS (phosphate buffered saline without
Ca21 and Mg21) and resuspended at a concentration of
07 cells/ml. Cell suspension (0.5 ml) was mixed with
bout 20 mg of in vitro transcribed RNA (in 20-ml tran-
cription reaction) and transferred to a 2-mm-diameter
uvette. Electroporation utilized two consecutive 1.5-kV,
50-mF pulses with a Gene-Pulser (Bio-Rad). The cells
ere diluted with culture medium and distributed into
3 35 mm dishes. Total RNA was prepared using TRIzol
eagent (GIBCO BRL) at indicated times and subjected to
PA.
easurement of accumulated levels of viral RNAs
Vero cell monolayers on 35-mm-diameter dishes were
nfected with RV (M33 strain) at a MOI of 0.1 PFU/cell for
h at 37°C. The cells were washed with PBS, overlaid
ith fresh medium, and incubated at 37°C. Total RNA
as extracted using TRIzol reagent every 2 h. The neg-
tive-strand RNA, positive-strand genomic RNAs, and
ubgenomic RNAs were analyzed by RPA as described
elow. Intensity of RPA bands was quantitated by image
nalysis and compared to the amount of 35S-labeled RNA
probe (cpm) loaded on the same polyacrylamide gel. The
amount of viral RNA was then calculated from the quan-
titated intensity of RPA band (cpm) to allow for dilution
and standardized against the amount of total RNA (in
micrograms) used in the corresponding RPA reaction.
RNase protection assay
RPA was employed to analyze the synthesis of viral-
specific RNAs during virus replication. Probes pb18 and
pb19 were prepared in the presence of [a-35S]CTP as
escribed by Liang and Gillam (2000). pb18, a 328-bp
inus-polarity RNA probe synthesized with SP6 RNA
olymerase from EcoRI-linearized pSPT18-pb, is pro-
ected from RNase digestion by 301-nt positive-strand
enomic and by 188-nt subgenomic RNAs. pb19, a 328-nt
lus-polarity RNA probe synthesized with SP6 RNA poly-
erase from HindIII-linearized pSPT19-pb, is protected
y 301-nt RV negative-strand genomic RNA. For synthe-
is of another pair of plus- and minus-polarity RNA
robes in vitro, a DNA fragment (nt 9175 to 9336) of
BRM33, in the E1 coding region, was cloned into vec-
ors pSPT19 and pSPT18, respectively, between the Hin-
III and SmaI sites to make constructs pSPT-pb20 and
SPT-pb21. A 187-nt minus-polarity RNA probe (pb20),
ynthesized with SP6 RNA polymerase from HindIII-lin-
arized pSPT-pb20, is protected by 162-nt positive-strand
NA (including both genomic and subgenomic RNAs). A
87-nt plus-polarity RNA probe (pb21), synthesized with
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is protected by 162-nt negative-strand RNA. Positive-
strand RNA was analyzed by one-cycle RPA and nega-
tive-strand RNA by two-cycle RPA (Novak and Kirke-
gaard, 1991). RPA reactions were conducted as de-
scribed by Liang and Gillam (2000).
In vitro translation and processing of p200
In vitro translation was performed according to the
manufacturer’s (Promega) protocol in 50-ml reaction mix-
ures containing nuclease-treated rabbit reticulocyte ly-
ates, amino acid mixture minus methionine, RNasin
ribonuclease inhibitor), and in vitro RNA transcripts in
he presence of either 400 mCi/ml of [35S]methionine
NEN) or 20 mg/ml of cold methionine. The radiolabeled
p200 and unlabeled p150 and p150(C1152S) were sepa-
rately generated from the respective RNA transcripts, WT
RV, RV(p150), and RV(p150C1152S) RNAs. The translation
reactions were terminated after 40-min incubation by the
addition of RNase A and cycloheximide to final concen-
trations of 1 and 0.6 mg/ml, respectively. The radiola-
beled p200 was then divided into three portions and
mixed with control buffer, p150, or p150(C1152S), sepa-
rately. At 10-min intervals, aliquots were removed from
each combination and subjected to SDS–PAGE analysis.
Images were scanned using an UMAX Astra 1220U
scanner with Adobe Photoshop 5.0 software and ana-
lyzed as described below. The cleavage ratio at each
incubation time was calculated as the percentage of the
quantity of the cleaved products over the total of sub-
strate and cleavage products.
Image analysis
Image analysis was performed on a PC computer
using the Scion Image program for Windows (Beta 3b)
(http://www.scioncorp.com/frames/fr_download_now.
htm), the PC version of the public domain NIH Image
program (developed at the U.S. National Institutes of
Health and available on the Internet at http://rsb.info.nih.
gov/nih-image/).
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